Abstract It has long been recognized in breast cancer that the effect of hormone receptor (HR) status on recurrence rates varies over time and with the site of recurrence. However, there is relatively little in the literature on the effect of human epidermal growth factor receptor 2 (HER2) on recurrence patterns. We wanted to assess whether the effect of HER2 status on the risk of distant recurrence changed over time and/or with HR status and whether these relationships varied with site of recurrence. We retrospectively studied 11,011 women diagnosed with stage I, II, or III breast cancer after 1997 who had data on HR status and HER2 status. 20 % were HR negative and HER2 negative (so-called ''triple-negatives''), 7 % were HR negative and HER2 positive, 64 % were HR positive and HER2 negative, and 10 % were HR positive and HER2 positive. The estimated overall cumulative incidence of developing distant metastases is 20 % at 4 years, 30 % at 8 years, and 36 % at 12 years. The 12-year cumulative incidence was 23 % for bone, 16 % for liver, 14 % for lung, 13 % for distant lymph node, 10 % for brain, and 8 % for pleura. After adjusting for potential confounding factors, the nature of the effect of HER2 on recurrence rates was found to differ markedly across the sites of recurrence. For brain and pleura recurrences, the effect of HER2 depended on HR status in ways that significantly changed over time. For bone recurrences, the effect of HER2 did not depend on HR status, but did change significantly over time. For liver and distant lymph node recurrences, there was a significant effect of HER2 status that did not change with time or HR status. For lung recurrences, rates did not significantly vary with HER2 status.
Introduction
It has long been recognized in breast cancer that the effect of hormone receptor (HR) status on recurrence is transient in nature [1] . While HR negative patients initially have higher rates of recurrence, this difference diminishes over time. The nature of these changes in the effect of HR on recurrence rates over time varies with the site of recurrence. In addition to HR status, the status of a patient's human epidermal growth factor receptor 2 (HER2) is an important factor in making treatment decisions and assessing prognosis [2] [3] [4] . However, there is little in the published literature on the effect of HER2 status on recurrence patterns. We wanted to assess whether the effect of HER2 status in primary tumors on the risk of distant recurrence changed over time, whether the effect of HER2 status changed with HR status, and whether these relationships varied with site of recurrence.
The HER2 gene is amplified in 20 % of invasive breast cancers, and it is associated with decreased disease-free and overall survival rates [5, 6] . The introduction of trastuzumab monoclonal antibody therapy in the adjuvant setting changed the natural history of HER2-positive breast cancer [7] [8] [9] . Adjuvant trastuzumab-based chemotherapy has been shown to decrease the risk of distant metastasis by half and improve overall survival compared with chemotherapy alone in HER2-positive early stage breast cancer [10] [11] [12] . However, 15 % of patients will develop distant metastasis despite optimal local therapy and adjuvant trastuzumab-based therapy. Monitoring guidelines from the American Society of Clinical Oncology do not recommend intense monitoring after completion of curative therapy for any specific breast cancer subtype [13] . An improved understanding of patterns and sites of metastases may guide adjuvant systemic therapy and stimulate investigation of novel surveillance approaches in HER2-positive breast cancer patients.
Materials and methods
Using an IRB-approved protocol, we obtained data on female breast cancer patients with invasive ductal carcinoma from the MDACC Breast Medical Oncology database. There were 12,315 patients diagnosed with stage I, II, or III breast cancer after 1997. Of these, 11,011 (89 %) had data on HR status and HER2 status and are included in this report. 2,150 (20 %) were HR negative and HER2 negative (so-called ''triple-negatives''), 756 (7 %) were HR negative and HER2 positive, 7,037 (64 %) were HR positive and HER2 negative, and 1,068 (10 %) were HR positive and HER2 positive.
Of the 11,011 patients studied 4,404 (40 %) were stage I, 4,931 (45 %) were stage II, and 1,676 (15 %) were stage III. 590 (5 %) were nuclear grade I, 4,256 (39 %) were grade II, 5,958 (54 %) were grade III, and 207 (2 %) were missing data on nuclear grade. 6,754 (61 %) were postmenopausal. The median age was 52 with range from 19 to 98. 7,830 (71 %) patients were white.
HER2 status was considered positive if positive by FISH or 3? by IHC. HR status was considered positive if either estrogen receptor status or progesterone receptor status was positive by IHC.
For each of the distant recurrence sites of interest (brain, liver, lung, pleura, bone, and distant lymph node), we computed for each patient the time to first development of a distant recurrence as that site and noted if they had not developed a distant recurrence at the site of interest whether they had died or were still alive at last follow-up. Using these data, we conducted for each site a competing risk analysis computing the cumulative incidence curves over time while treating death without recurrence as a competing risk [14] .
To quantify the risk of developing distant recurrence, we use the cumulative incidence function because the usual Kaplan-Meier survival-based estimates are biased high due to patients dying without the distant recurrence of interest being counted as simple censoring events rather than as competing risks [14] . To compare cumulative incidence functions, we use Gray's test [15] . To assess the effects of covariates on the cumulative incidence function, we use the proportional hazards model of Fine and Gray [16] . To assess the full complexity of the relationships between HER2 status, HR status, and time since diagnosis, we fit a version of the Fine-Gray model with a three-way interaction between HR status, HER2 status, and a linear function of time. For each recurrence site, we successively removed higher order interaction terms until only significant terms remained. To adjust for potential confounding, we included terms in the models for trastuzumab use, hormonal therapy, chemotherapy, stage, grade, age, menopausal status, and race.
All analyses were performed using R version 2.15.0 (R Foundation for Statistical Computing) including the cmprsk package.
Results
Of the 11,011 patients studied, 2,298 had at least one distant recurrence, 475 died without a distant recurrence, and 8,238 were alive and distant recurrence free at last follow-up. The estimated overall cumulative incidence of developing distant metastases is 11 % at 2 years, 20 % at 4 years, 26 % at 6 years, 30 % at 8 years, 33 % at 10 years, and 36 % at 12 years. The corresponding estimated risks of dying without distant recurrence are: 1, 3, 5, 7, 9, and 12 %. There were 5,046 patients at risk (i.e., alive and distant recurrence free) at 4 years, 1,722 at 8 years, and 166 at 12 years.
For all patients combined, the general order of the sites of distant recurrence ordered by cumulative incidence is
The 12-year cumulative incidence was 23 % for bone, 16 % for liver, 14 % for lung, 13 % for distant lymph node, 10 % for brain, and 8 % for pleura. However, within the four subgroups formed by the joint values of HR status and HER2 status, the general ordering of sites by incidence is very different between groups. While lung recurrences are the most common for HR negative patients (regardless of HER2 status), bone recurrences are the most common for HR positive patients. As seen in Fig. 1 , of the four HR/HER2 subgroups, triple negative patients have the highest rates for lung, pleura, and distant lymph node recurrences for at least the first 12 years after diagnosis and for bone recurrences for the first 6 years after diagnosis. HR negative and HER2 positive patients have the highest incidence of brain recurrences for the first 12 years after diagnosis and for liver recurrences for the first 6 years after diagnosis. The cumulative incidence functions are statistically different between the four HR/HER2 subgroups for all six recurrence sites (p \ 0.0001 for brain, liver, lung, pleura, and distant lymph nodes; p = 0.0011 for bone).
We estimated the effect of HER2 status on recurrence rates separately for HR negative patients and HR positive patients and testing the significance of the differences for each site (Table 1) . Technically, this is an assessment of the statistical interaction between HR status and HER2 status. For brain recurrences, the effect of HER2 status is significantly stronger in HR positive patients than in HR negative patients. For lung recurrences, among HR negative patients, HER2 positive patients have lower rates than HER2 negative patients; while among HR positive patients, HER2 positive patients have higher rates than HER2 negative patients. For pleura, bone, and distant lymph node recurrences among HR negative patients, HER2 positive patients have lower rates than HER2 negative patients; while among HR positive patients, recurrence rates did not vary significantly with HER2 status.
The crossing of cumulative incidence curves for the four HR/HER2 subgroups indicates that relative differences in recurrence rates may change over time. To explore this phenomenon, we estimate competing risk hazard ratios for HER2 status by HR status separately for three time intervals: 0-4 years, 4-8 years, and 8? years (Table 2) . These time intervals (0-4, 4-8, and 8-12) were chosen because they were roughly equal in length, generally had a sufficient number of events for reliable analysis, and because three intervals were adequate to illustrate how effects change over time. The results indicate that the effect of HER2 status on rates of distant recurrence depends on (1) HR status, (2) site of recurrence, and (3) time since diagnosis. Generally speaking, among patients with HR positive tumors, HER2 positive patients have higher rates of recurrence than HER2 negative patients; while among patients with HR negative tumors, HER2 positive patients have lower rates of recurrence than HER2 negative patients among patients with HR negative tumors. Generally, among patients with HR positive tumors, the effect of HER2 status on recurrence rates declines over time, while among patients with HR negative tumors, the effect of HER2 status on recurrence rates increases over time. The effect of HER2 status on recurrence rates is most pronounced for recurrences in the brain and bone.
To further investigate how the effects of HER2 status on recurrence rates varies with respect to HR status and time since diagnosis, we constructed models with a three-way interaction between HR status, HER2 status, and a linear function of time. Figure 2 shows estimates derived from these models of the adjusted log hazard ratio functions for HER2 status (comparing HER2 positive patients to HER2 negative patients) according to HR status and site of recurrence. Figure 2 is meant to complement and expand on the analysis presented in Table 2 . These are two different ways of analyzing the changing hazard ratios over time. In Table 2 , the change is modeled as a step-function of time with jumps at 4 and 8 years. In Fig. 2 , the change is modeled as a linear function of time. Furthermore, Table 2 presents the results in tabular form, while Fig. 2 presents the results in graphical form. For brain and pleura metastases, the dependence of the effect of HER2 status on HR status changes significantly over time. Among HR negative patients, HER2 positive patients initially have lower rates of recurrence than HER2 negative patients but this relationship switches such that later in time the reverse is true. Among HR positive patients, HER2 positive patients initially have somewhat lower rates of recurrence than HER2 negative patients and this protective effect becomes more pronounced over time. For bone metastases, the effect of HER2 status changed significantly over time but did not vary significantly with HR status. HER2 positivity became increasingly protective over time for both HR negative patients and HR positive patients. For liver and distant lymph node metastases, the effect of HER2 status did not vary significantly over time and did not vary significantly with HR status, but HER2 positive patients had significantly lower recurrence rates than HER2 negative patients. For lung metastases, the effect of HER2 status did not vary significantly over time and did not vary significantly with HR status, and the effect of HER2 itself was not significant.
Overall, 808 ( Overall, 6,590 (81 %) of the 8,105 HR positive patients were treated with hormonal therapy, and this proportion was stable throughout the study period. In general, those HR positive patients treated with hormonal therapy had significantly lower cumulative incidence rates of recurrence than those HR positive patients treated without hormonal therapy. The competing risks hazard ratios, associated 95 % CI, and p values for the difference in cumulative incidence curves for HR positive patients treated with versus without hormone therapy were 0. 48 
Discussion
In our retrospective study of over 11,000 early stage breast cancer patients, we have shown that the nature of the effect of HER2 status on distant recurrence rates varied considerably from site to site. For brain and pleura recurrences, the effect of HER2 depended on HR status in ways that significantly changed over time. For bone recurrences, the Numbers in parentheses are 95 % confidence intervals for the hazard ratios DLN distant lymph node effect of HER2 did not depend on HR status, but did change significantly over time. For liver and distant lymph node recurrences, there was a significant effect of HER2 status that did not change with time or HR status. For lung recurrences, rates did not significantly vary with HER2 status. We are aware of only a few published studies assessing the effect of HER2 status on the patterns of risk of developing distant recurrences in breast cancer. Park et al. [17] showed in a study of 886 women that distance recurrence patterns varied significantly according to HR status and HER2 status but did not assess how the risk or relative risk changed over time. Kennecke et al. [18] showed in a study of 3,726 women that distance recurrence patterns varied significantly according to intrinsic molecular subtype (which are based in part on HR status and HER2 status) and found that HER2-enriched tumors had a higher rate of brain, liver, and lung metastasis compared with luminal A tumors. One of the main limitations of these studies is the limited use of modern adjuvant systemic therapy, which may alter patterns of recurrence. For example, most patients did not receive adjuvant trastuzumab and aromatase inhibitors, which have become standard of care in the United States the last 5-7 years [10] [11] [12] 19] .
Several studies have shown that HER2 positivity is a risk factor for subsequent development of central nervous system (CNS) recurrence in patients with breast cancer [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
However, CNS involvement often follows seeding of lungs, liver, and bones [34] . Arvold et al. [21] reported an overall cumulative 5-year incidence of brain metastasis of 1.7 % in 1,474 patients who had presented with early stage breast cancer. Of the patients who developed brain metastasis (n = 36), 25 % (9 patients) had HER2-positive breast cancer at the time of initial diagnosis. Another retrospective study that included 9,524 women with early stage breast cancer showed a 10-year rate of cumulative incidence of CNS metastasis of 6.8 % in HER2-positive tumors, compared with a rate of 3.5 % in HER2-negative tumors [29] .
Musolino et al. [24] evaluated the outcome of 214 patients with stages I-III HER2-positive breast cancer. 50-53 patients received adjuvant trastuzumab and 3 developed metastatic disease. Overall, 50 patients developed metastases; 3 patients had received adjuvant trastuzumab; 14 patients never received trastuzumab; and 33 patients did not receive adjuvant trastuzumab but were treated with trastuzumab for metastatic disease. As expected, patients treated with adjuvant trastuzumab had better overall survival rate than patients who did not receive adjuvant trastuzumab. The cumulative incidence of CNS metastases was 5 %. Although patients with HER2-positive breast cancer who were not treated with trastuzumab fared worse than patients with HER2-negative disease, prior trastuzumab therapy was associated with diminished CNS metastasesfree survival rate. A meta-analysis of randomized adjuvant trastuzumab trials revealed a higher incidence of CNS metastasis in the trastuzumab-containing arms compared with the non-trastuzumab containing arms [35] . The higher incidence of CNS metastasis in patients treated with trastuzumab probably reflects the inability of trastuzumab to cross the blood-brain barrier and the prolonged survival achieved by trastuzumab-based therapy in the metastatic setting [36] [37] [38] [39] [40] [41] .
Despite the elevated risk of CNS metastasis, the American Society of Clinical Oncology does not recommend any image-guided monitoring of HER2-positive breast cancer after curative locoregional and systemic therapy are administered, in the absence of signs or symptoms suggestive or recurrent disease [13] . Novel approaches are needed to identify HER2-positive patients at high risk for CNS metastasis before interventions to decrease recurrence can be implemented [42] . Whether prophylactic radiation therapy to the brain would be safe and effective in this setting is not known. In one study, HER2-positive early stage breast cancer patients were monitored by magnetic resonance imaging of the brain after completion of adjuvant trastuzumab-based adjuvant therapy. Whole-brain irradiation in patients with occult CNS metastasis decreased mortality due to CNS disease but it did not prolong the overall survival rate [26] . Integration of novel systemic therapies that cross the blood-brain barrier would be of interest in this population [7] . Lapatinib may play a role in this setting, although the evidence available is limited [43] [44] [45] . In the pivotal phase III randomized trial of capecitabine/lapatinib versus capecitabine alone in patients with HER2-positive metastatic breast cancer after trastuzumab progression, the number of patients with CNS involvement was lower in the lapatinib arm, but the difference was not statistically significant [46] . The adjuvant lapatinib and/or trastuzumab treatment optimization trial will determine what sites of metastasis occur after lapatinib is added to standard trastuzumab-based therapy in the adjuvant setting.
HER2-positive breast cancer can be stratified in HR positive and HR negative [47, 48] . We found that the effect of HER2 status in the development of brain metastasis is stronger in HR positive patients than in HR negative patients. In contrast, Park et al. [17] found no difference in the incidence of lung, liver, and brain metastases between the HER2?/ER? group and the HER2?/ER-group (n = 269; patients with HER2-positive metastatic breast cancer). These authors reported a higher rate of bone-only metastasis in the HER2?/ER? group. These data suggest that HER2?/ER-tumors are more aggressive. Furthermore, these patients do not benefit from endocrine therapy.
Limitations of our study include its retrospective nature and it was completed at a single institution. Furthermore, we do not have detailed information regarding the HER2 and HR status of each metastatic tumor, and heterogeneity is expected [49] [50] [51] . In conclusion, this is the largest study to date documenting the heterogeneity of recurrence patterns in HER2-positive breast cancer over time, taking into account the HR status of the primary tumor. Understanding tumor biology and optimization of HER2, targeted therapy and endocrine therapy will be required to improve the overall survival rate for patients with early stage breast cancer.
